We describe a gradiometer based on a high-transition temperature Superconducting Quantum Interference Device (SQUID) for improving the sensitivity of a SQUID-based biosensor. The first-derivative gradiometer, fabricated from a single layer of YBa 2 Cu 3 O 7-x , has a baseline of 480 µm and a balance against uniform fields of 1 part in 150. Used in our SQUID "microscope," it reduces parasitic magnetic fields generated by the measurement process to the level of the SQUID noise. The gradiometer-based microscope is two orders of magnitude more sensitive to superparamagnetic nanoparticles bound to biological targets than our earlier magnetometer-based microscope. 85.25.Dq, 
There is increasing interest in the use of Superconducting Quantum Interference Devices (SQUIDs) to monitor samples at room temperature 1 , especially for biological studies 2 3 4 5 6 7 8 and nondestructive evaluation of materials 9 10 11 12 . In particular, SQUID "microscopes" are used as rapid, versatile and sensitive biosensors 5 6 7 8 to detect superparamagnetic nanoparticles attached to pathogens or cells by means of an appropriate antibody-antigen interaction. In one such scheme 5 , the resolution was estimated to be approximately 50,000 particles. Since typically many particles are attached to a single biological target, the number of targets detected is likely to be substantially smaller, making this technique potentially competitive for biological assays.
In these experiments, the resolution was limited not by the intrinsic noise of the hightransition temperature (T c ) SQUID magnetometer but rather by parasitic magnetic fields generated by the magnetic pulses used in the detection scheme. In this letter we demonstrate that the contribution from these parasitic fields can be greatly reduced by replacing the SQUID magnetometer with a gradiometer 13 , thereby improving the sensitivity by a factor of 80. High-T c gradiometers have also been shown to reduce noise from the external environment 8 .
The inset of Fig. 1 shows the configuration of the SQUID and sample in our microscope 14 . The thin film, YBa 2 Cu 3 O 7-x (YBCO) SQUID is mounted on top of a sapphire rod which is thermally anchored to a can of liquid nitrogen; these components are enclosed in a fiberglass vacuum chamber. A 3 µm-thick, 410 x 410 µm 2 silicon nitride window patterned in a 0.5 mm-thick Si chip separates the SQUID from the sample well, which has a volume of about 0.3 µL. Using three micrometers to lower the window, we typically bring the sample to within 100 µm of the SQUID. The entire system is operated inside a triple-layer cylindrical µ-metal shield, which reduces the earth's field to about 4 nT and eliminates ambient magnetic field fluctuations.
In our earlier experiments with a SQUID magnetometer 5 , we pulsed a magnetic field parallel to the plane of the magnetometer and detected the subsequent Néel relaxation of superparamagnetic nanoparticles. In the absence of any sample, we observed an exponentially decaying magnetic field with a time constant of about 30 ms; an example is shown in Fig. 1 . This decaying field limits the resolution. On investigation, we found that the decaying field originated in either eddy currents induced in metal components or reorientation of magnetic domains in the µ-metal. To reduce the contribution from this parasitic field, we replaced the magnetometer with the gradiometer shown in Fig for the SQUID reduced flux entry 17 . Since the nearest metal objects are 50 mm away, we anticipated that the short-baseline gradiometer would substantially suppress the parasitic field.
To compare the coupling of the gradiometer with that of our magnetometer 5 , we modeled the magnetometer as a 128 x 128 µm 2 square (128 µm being the geometric mean of the inner and outer dimensions of the washer), located 50 µm beneath the sample and offset 205 µm (half the sample length) from center. As with the gradiometer, we calculated the flux coupled in from a uniform distribution of dipoles. We estimated that gradiometer would have only 0.4 times as much flux coupled into it as the magnetometer. Despite this loss in coupling efficiency, we anticipated a net gain in resolution due to the expected reduction of the parasitic field contribution.
We fabricated gradiometers by laser-depositing a 200 nm-thick YBCO film on a 30˚ the SQUID noise. As a result, the previous detection limit of 87 µΦ 0 , due to the background decay detected by the magnetometer, has been reduced by a factor of 30 to 2.9 µΦ 0 , the uncertainty in the fitted value of Φ s due to SQUID noise.
To measure superparamagnetic particles, we positioned the microscope window 100610 m from the gradiometer. This distance was limited by the uncertainty in the angular misalignment between the SQUID chip and the window. To compare the coupling of a given sample to the gradiometer and magnetometer, we measured five samples, consisting of magnetic particles immobilized on a substrate, with each system. On average, the gradiometer signal was 0.8 times that of the magnetometer. This is about two times greater than our predicted value and illustrates the uncertainties in our estimates of the various parameters. The gradiometer signal could be increased by decreasing the SQUID-sample separation. However, calculations showed, and measurements confirmed, that the coupling between the gradiometer and sample depends only weakly on distance for distances smaller than the baseline (inset Fig. 3 ). Therefore, even if the sample-SQUID separation could be reduced to 50 m, the separation achieved with the magnetometer, the gradiometer signal would increase by a factor of only 1.4.
A significant advantage of the gradiometer is that, by effectively eliminating the parasitic background field, a larger magnetic field can be applied to the sample without a concomitant increase in the background response. Therefore, we were able to apply a 4 times larger field, 1.2 mT, in the gradiometer system than in the magnetometer system.
The increase in signal is determined by multiplying the magnetization of each particle,
given by the Langevin function 20 , by its magnetic moment and integrating over the distribution of particles in the sample. For the particles used in our experiment, measurements showed that the 1.2 mT field resulted in a 3.4 times larger signal. Hence, for identical samples, we find that the gradiometer is 30 (decrease in parasitic background response) × 0.8 (loss in coupling efficiency) × 3.4 (increase in signal) ≈ 80 times more sensitive than the magnetometer.
Finally, we estimate the minimum number of superparamagnetic particles the gradiometer can detect. In the immunoassay technique, the particles 21 , nominally 35 nm in diameter, are bound to specific targets that are immobilized. The gradiometer detects the logarithmic decay of the flux Φ(t) as the particles undergo Néel relaxation following the removal of the magnetizing field. We fit this signal to 22
where τ mag = l s is the magnetization time, Φ offset is an artifact of the SQUID electronics, and Φ s is the fitted amplitude of the flux detected by the gradiometer. We calibrated the sensitivity by depositing magnetic particles on a carbon-coated transmission electron microscopy (TEM) grid, imaging the grid with TEM, and counting the number of particles per unit area. Then we cut the grid into segments and measured the relaxation signal of each piece with a pulsed 1.2 mT field ( Fig. 3 upper trace) . Between each measurement, we recorded the background decay with no sample present ( Fig. 3 lower trace) to confirm there was no residual magnetic material on the window. We fit each relaxation curve, divided the amplitude Φ s by the estimated number of particles on the particular grid segment, and averaged the results. We found the mean relaxation amplitude to be 0.8 nΦ 0 per particle. The minimum detectable signal is the uncertainty in the value of Φ s , 2.9 µΦ o for 100 averages. (This uncertainty is due solely to the SQUID noise, since the gradiometer has effectively eliminated the parasitic background.)
Dividing by the flux per magnetic particle, we arrive at a detection limit (one standard deviation) of about 4000 particles 23 . If particles with a larger magnetic moment could be obtained, the sensitivity would improve proportionally. A factor of two improvement in the sensitivity of the gradiometer could be achieved by coupling the pickup loops to the SQUID with a 3-turn, multilayer transformer 24 .
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